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Abstract—An expression for the bit-error rate (BER) of 16
STAR-quadrature amplitude modulation (QAM) with differential
encoding and detection in a Rician fading channel with diversity
reception is obtained. Two types of intermediate frequency (IF)
filters are considered in the analysis: the intersymbol interference
(ISI)-free matched and nonISI-free Gaussian filters. BER curves
for various ratios of the line-of-sight (LOS) power to the multi-
path power, Doppler spread frequencies, and orders of diversity
are presented. It is shown that 16 STAR-QAM outperforms 16
DPSK under the same power-limited condition. For the Gaussian
receive filter, a filter bandwidth of about 1.2 times the symbol
rate is found to lead to a minimum error probability prior to the
appearance of error-rate floors.
Index Terms—Bit-error rate, diversity reception, quadrature
amplitude modulation, Rician fading.
I. INTRODUCTION
AQUADRATURE amplitude modulation (QAM) schemecalled the 16 STAR-QAM with differential encoding and
detection has been considered recently to increase bandwidth
efficiency in mobile radio. This modulation scheme makes use
of eight evenly spaced phases and two amplitudes producing
16 phase-amplitude transitions. In comparison, 16 SQUARE-
QAM requires coherent detection, which is difficult to achieve
because of fast variations in the received faded signal. Recent
advances in amplifier linearization [7] have also made QAM
signal formats, with varying signal envelope, a more viable
proposition. This is in contrast to the usual preference of
using continuous-phase modulation (CPM) schemes, which
have constant envelope when faced with the need of class-C
power amplification.
A typical fading model in land mobile radio is Rayleigh
fading. This model is suitable for urban areas, which are
characterized by many obstacles such as buildings surrounding
the mobile station; a line-of-sight (LOS) path seldom exists.
However, in suburban areas, often a LOS path is produced,
which results in a Rician fading channel. This may also be
true for microcellular systems with cells of less than several
hundred meters in radius and for satellite mobile channels.
Rician fading is characterized by the factor, which is the
power ratio of the specular and the diffused components. It
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represents Rayleigh fading when and no fading when
Rician fading, thus, can be considered a general
fading model for both land and satellite mobile channels.
The bit-error rate (BER) performance of 16 STAR-QAM
in Rayleigh fading has been analyzed by Adachi et al. [3]
and Chow et al. [4]. In [3], a comparison is made between 16
STAR-QAM and 16 SQUARE-QAM, while in [4] an optimum
ratio of the two amplitude values is obtained. Recently, Chow
et al. [5] presented the BER for 16 STAR-QAM in Rayleigh
fading, with postdetection combining. In this paper, we present
a derivation and computation of the BER performance of 16
STAR-QAM in “LOS plus Rayleigh” or Rician fading channel
with diversity reception. Performance analysis of Rayleigh
fading is therefore just a special case of the formulas derived
with The effect of intermediate frequency (IF)
bandlimitation on the error performance of 16 STAR-QAM has
not been considered in [3]–[5]. This issue will be investigated
in our work.
II. SIGNAL AND SYSTEM MODEL
16 STAR-QAM is a combination of an independent set of an
8DPSK and a binary differential AM. The transmitted carrier
signal with unity power can be expressed in the low-pass
equivalent complex form as
(1)
The pulse has a unit value between interval
and zero elsewhere. For the th signaling interval
where
and is the initial phase of the carrier. Assuming equiproba-
ble transmission of amplitude bits, and
so that
is the amplitude ratio. The set of four binary message bits
is encoded into the th symbol according
to where and
Gray encoding of to is assumed
for the 8DPSK. For the amplitude modulation, if
or depending on the previous amplitude.
If
The transmitted signal is received via a Rician fading
channel by an uncorrelated -branch diversity receiver. The
received signal is the sum of a LOS or specular and
0018–9545/97$10.00  1997 IEEE
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Fig. 1. L-branch diversity receiver.
Rayleigh-faded, multipath, or diffused components
(2)
where and are, respectively, the power of the LOS
and multipath components. We assume that the fading rate is
much slower than the symbol rate and that there is no
time delay between the LOS and the multipath components.
The parameter is the Doppler shift of the LOS component.
The function is a zero-mean complex Gaussian random
process describing the fading phenomenon. Considering the
arrival of many multipath waves having identical amplitudes
and from all directions with equal probability, the power
spectrum of is given by [12]
where is the maximum Doppler frequency given by the
mobile moving speed divided by the carrier wavelength. This
maximum Doppler frequency with a subscript of capital
case is to be distinguished from the Doppler frequency of
the LOS component with a subscript of lowercase
We assume that the receiver contains an automatic frequency
control unit that compensates the Doppler shift, which is
equivalent to multiplying all terms in (2) with
The noise being white is not affected by a frequency shift,
therefore, we shall leave unchanged. We shall analyze
two types of an IF receive filter, as shown in Fig. 1: 1) an
ideal matched filter and 2) a Gaussian filter.
III. CASE A: IDEAL MATCHED FILTER
We consider here a matched filter with a square-pulse
response
elsewhere.
This response is realized by a one-symbol integrate-sample-
and-dump (I&D) filter. Assuming that signal symbol timing is
ideally locked to the received specular component, the received
signal sampled at can be expressed as
(3)
for the th branch where is a zero-
mean complex Gaussian random variable with
which accounts for the fading phenomenon In (3), the
inclusion of the factor with the multipath
Fig. 2. 8DPSK signal space with optimum decision regions.
component is a result of: 1) the multiplication of
to (2) by the receiver Doppler shift compensation process
mentioned earlier and 2) the assumption that the fading process
is slow compared to the symbol rate so that during the matched
filter processing of the received signal in the interval between
to Finally,
is the sample of a filtered additive white Gaussian noise
(AWGN) with variance , that is, power
of the filtered AWGN.
The receiver for the differential detection of a 16 STAR-
QAM signal can be splitted into two stages: phase detection
and amplitude detection. The receiver diagram is shown in
Fig. 1.
A. Phase-Detection Error Probability
Let
SNR and
SNR
Another signal-to-noise ratio (SNR) is defined as the
average bit energy divided by the AWGN one-sided noise
spectral density This can be written as
SNR which can be deduced from the fact that the matched
filter has an equivalent noise bandwidth of the
symbol rate. For the diversity reception, as shown in Fig. 1,
the decision on the 8DPSK symbol is based on the decision
variable
where is the diversity order and is the detected differ-
ential phase of the two adjacent symbols. On the complex
-plane, eight symmetric decision regions are chosen to
decide on the transmitted differential phase Suppose
is sent. Then if falls in the region in
Fig. 2, which is bounded by a correct
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decision is declared. Error regions are which can
also be viewed as half-plane “I” plus half-plane
“II” minus the overlapped area Following
the method described in [1], the upper bound of the phase-
detection error probability can be represented as the sum of
probabilities for the two half-planes “I” and “II.” If half-plane
“I” is counterclockwisely rotated with and half-plane
“II” clockwisely rotated with it is easily seen that error
probability of phase detection is given by
(4)
Now, define phase decision variable
(5)
This is a special case of a general quadratic form in complex-
valued Gaussian random variables defined in [2, (1)], which
is given by
(6)
with and The rotation angle
of the two half planes, when , is and ,
respectively. It is shown in [2] that
(7)
where is the Marcum -function and is the th
order modified Bessel function. In (7)
(8)
where and are the second moments (central)
of the complex-valued Gaussian variables and
(9)
where is the autocorrelation of the fading process and
is the autocorrelation of the AWGN ( for the
matched filter case). For the fading channel model assumed in
Section II, we have
where is the zero-order Bessel function of the first kind.
In the above expressions, all means are normalized to
and all second moments are normalized to From (4), see
(10), given at the bottom of the page.
B. Amplitude-Detection Error Probability
The amplitude bit is detected and decoded based on the
amplitude ratio
(11)
Let the decision threshold be and where
and In [5], these decision
thresholds are assumed to be related according to
We also adopt this assumption in our computations.
A decoding error is produced when falls outside of
(10)
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 05,2010 at 02:56:19 EST from IEEE Xplore.  Restrictions apply. 
926 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 46, NO. 4, NOVEMBER 1997
if that is if the transmitted
amplitude ratio A decoding error is also produced
when falls inside of if that is
if the transmitted amplitude ratio or In this
paper, we will adopt this decision rule.
The amplitude detection error probability is now
(12)
where represents the conditional amplitude error
probability for an amplitude sequence going from low to high.
The four terms in (12) can be written as follows:
(13)
The terms can be transformed into
Now, define an amplitude decision variable
(14)
This is also a special case of a general quadratic form in
complex-valued Gaussian random variables defined in (6),
with and The probability,
has the same expression as (7),
but some variables in (8) have different definitions as follows:
(15)
where and are the second moments of the
complex-valued Gaussian variables and as shown in (9).
Thus, from (12)–(14), see (16), given at the bottom of the page.
C. Bit-Error Rate Performance
Because the amplitude and phase-detection processes are
independent, we calculate the BER’s of amplitude detection
and phase detection separately for obtaining the average BER
where and are the BER’s of amplitude and
phase bits, respectively. This is a weighted sum of the BER
for the amplitude and phase detection. Remembering that
the phase modulation is a Gray-coded eight-level modulation,
while the amplitude modulation is a binary modulation
and
Consequently
(17)
IV. CASE B: NONISI-FREE
GAUSSIAN BANDPASS RECEIVE FILTER
The above discussions assume that an ideal matched fil-
ter is used prior to the phase and amplitude detectors. We
now consider the use of a practical narrowband IF Gaussian
bandpass filter in place of a matched filter. Due to limited
bandwidth, intersymbol interference (ISI) is introduced. Our
aim is to find out what IF receive filter bandwidth should be
chosen in order that the system performance can be optimized
in terms of minimal BER. In this paper, we will consider a
Gaussian bandpass filter whose low-pass equivalent transfer
function is [9]
(18)
where is the IF equivalent noise bandwidth. This is a
fairly common model for filters used in data transmission
since its bell-shaped frequency response is typical of the
form encountered in practice and it yields smooth transitions
between the signaling levels. Since the speed of fading process
is slow compared to the symbol rate so that it remains
relatively constant over a few symbol durations, the effect of
IF filtering may then be analyzed in a quasi-static manner
leading to the following low-pass equivalent output:
(19)
where and are given by
(20)
in which is the impulse response of the Gaussian filter
defined in (18) and is the transmitted signal defined in
(1). The fading process is represented by the complex
Gaussian random process with zero mean and unit power,
The parameter is the Doppler shift of the
specular component as defined in Section III. The Gaussian
noise has the power of
As noted in [8], for , has significant values
for a duration of no greater than s. To simplify the analysis,
we assume that (the product of IF filter bandwidth
and the symbol duration ) is sufficiently large so that the
ISI effects on any symbol are due solely to the symbol
(16)
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preceding it and the symbol immediately following it [9]. Since
every decision in the differential system uses two adjacent
symbols, sequences of four symbols must be considered in the
analysis. Each symbol can take on any one of the 16 possible
signal constellation points, therefore, the ISI analysis has to
take account of 16 different kinds of four-symbol patterns.
Following the approach in [8], this heavy computational load
can be significantly lessened by 70% by exploiting certain
error probability invariant properties of the pattern set to
the bandlimitation process. More details about this invariant
properties are given in the Appendix, which shows that the
BER of 16 STAR-QAM can be obtained by averaging over
a reduced set containing 2160 distinct patterns. For each
pattern and in the set ,
the periodic repetition of this four-symbol sequence is used as
the message signal to simplify ISI analysis via Fourier series
expansion. This signal pattern is shown in Fig. 3 and is written
as
(21)
We apply the Fourier series expansion method as in [8] to (20)
over the interval to get
(22)
where
(23)
In employing the four-symbol pattern technique described
above, there is one issue that needs to be addressed. The
evaluation of (22) requires all harmonics of
to be summed. In practice, the summation can be closely
approximated by summing over only a finite number of
terms due to the low-pass nature of and The sum
in (22) may be computed with sufficient accuracy by the
approximation [8]
(24)
where integer
In the phase detection for each four-symbol pattern, the
correct decision region now is
where
Therefore, two error half planes consist of distinct regions in
Fig. 2 according to the variation of in different patterns. The
Fig. 3. Waveforms of a typical four-symbol sequence.
rotation angle of the two half planes is and
, respectively.
The SNR is defined as
SNR
It is to be noted that is not zero for the Gaussian IF
filter case. But for the range of , , and we
are assuming to be zero in our computation. Therefore,
given and (Rician fading factor)
and setting the sampling time to , the steps involved
in calculating are shown below.
1) Generate the ISI sequence
and
2) Compute the values of and
using (23) and (24).
3) Compute the and using the method
described in Sections III-A–C with the following substi-
tutions of (9):
4) Repeat Steps 1)–3) for all four-symbol patterns in the
set The overall average BER is the average of of
all sequences.
V. BIT-ERROR RATE RESULTS
WITH MATCHED FILTER RECEIVER
The bit-error probability of 16 STAR-QAM formulated by
(17) is evaluated for different values of and
In the computation, the Marcum function was computed
using the recursive formula of McGee [6].
The optimum ring ratio for differential detection for
Rayleigh fading, that is , has been found to be
approximately two [5], and using this optimized ring ratio,
the thresholds and have been evaluated to be
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Fig. 4. Bit-error rate versus ring ratio for various values of L with fDT =
0, fdT = 0, Eb=N0 = 15 dB, and K = 5 dB.
Fig. 5. Bit-error rate versus rH for various values of L with fDT =
0, fdT = 0, Eb=N0 = 30 dB, and K = 10 dB.
equal to 0.68 and 1.47, respectively [5]. For Rician fading,
the optimum set of ring ratio and thresholds for different
values of and have not been found previously
and is searched in the present work. First, the value
is fixed to be equal to 1.47, which is the optimum value in
the Rayleigh fading channel. Then, the optimum value of the
ring ratio is searched. A ring ratio of approximately two is
needed for optimum performance, as shown in Fig. 4. Using
this optimum ring ratio of two, the optimum values of
and in Rician fading channel are searched. The optimum
value of is evaluated to be equal to 1.47. This is clearly
illustrated in Fig. 5. is set to be The
authors noticed that the optimum ring ratio and changes
slightly with large variations of the Rician factor and SNR.
For most cases, the combination of (2.0, 1.47) gives the best
BER performance.
The computed BER’s for 16 STAR-QAM in Rician fading
as a function of and are plotted in Figs. 6 and
7. The BER curves for the case of Rayleigh fading
are also shown in Fig. 6 for comparison. As expected, the
BER at first drops off with increasing , in conformity
with the usual behavior of BER in an AWGN channel. As
becomes very large, the BER levels off to constant
floor values indicating the influence of random FM noise. It
is also noted that reception diversity lowers the error floors
significantly.
Fig. 6. Bit-error rate of 16 STAR-QAM in Rician fading for various values
of L with fDT = 0 and 0:01 and fdT = 0:
Fig. 7. Bit-error rate of 16 STAR-QAM in Rician fading for various values
of L with fDT = 0 and 0:01 and K = 10 dB and fdT = 0:
Recently, Chow et al. [11] presented an error-bound analysis
for -ary differential phase-shift keying (MDPSK) in fading
channels with diversity reception. For MDPSK, naturally,
due to the fact that all the signal points are on one ring,
no amplitude detection is necessary. In this paper, we have
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Fig. 8. Bit-error rate of 16 STAR-QAM and 16 DPSK in Rician fading for
various values of L with fDT = 0:01, fdT = 0, and K = 5 dB.
computed the BER for 16 DPSK with the method described
in Section III-A. The results are compared with those for the
16 STAR-QAM in Fig. 8 for , dB,
and for various values of It is interesting to note that 16
STAR-QAM outperforms 16 DPSK quite significantly for the
same power-limited condition. For example, for
dB, , the BER for 16 DPSK is 6.7 10 At these
parameter values, the BER for 16 STAR-QAM is 8.8 10
This improvement is to be expected because the range for
a correct phase decision in the case of 16 STAR-QAM is
larger than that for 16 DPSK. From the results obtained, it
seems that the additional amplitude detection required for
the 16 STAR-QAM does not lead to a severe performance
degradation than if the additional bit were encoded in the
additional degree of phase modulation as in the case of 16
DPSK. Nevertheless, one must bear in mind that the detector
and decoder circuitry for 16 STAR-QAM is much more
complex than that for the 16 DPSK. Finally, 16 STAR-QAM
requires a linear power amplifier, whereas 16 DPSK does
not.
When Doppler shift is present the BER perfor-
mance becomes worse as shown in Fig. 9. The difference of
the BER with and without Doppler shift is more pronounced
in the case of a higher order diversity.
VI. BIT-ERROR RATE RESULTS WITH
NARROWBAND GAUSSIAN IF FILTER
In the presence of ISI, error rates for various values of
have been calculated with different and
by using the procedure described in Section IV. These are
shown in Figs. 10–13. The optimum ring ratio was searched
to be 2.0, and was searched to be 1.47 as was for
the case of a matched filter receiver. There will be less ISI
when is large, while more Gaussian noise is added to
the signal because of the wider filter bandwidth. Therefore,
an optimum can be found to give an optimal BER
performance.
As observed in Figs. 10–13, an optimum is found to be
around 1.2 depending on the values of and (less sensitive
to variations in in the range of SNR, where AWGN has
a large influence, that is, in the region of SNR before the
appearance of error-rate floors.
Fig. 9. Bit-error rate of 16 STAR-QAM in Rician fading for various values
of L with fDT = 0:01 and K = 5 dB.
Fig. 10. Bit-error rate of 16 STAR-QAM with ISI effect, fdT = 0, K = 10
dB, and L = 1:
In the range of large SNR, where error floor appears, the
effect of AWGN can be neglected. As can be seen in Fig. 12,
since a larger leads to less ISI, a better performance of
large ’s will be observed as the average becomes
large. This behavior of BER as a function of has also
been discussed in [10]. As shown in Fig. 10, determines
the irreducible BER value. The larger the value, the
more severe is the effect of random phase noise. In summary,
higher BER floor values are obtained for smaller values
and larger values. However, the BER floor value is less
sensitive to variations in as compared to the variations
in
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Fig. 11. Bit-error rate of 16 STAR-QAM with ISI effect, K = 20 dB,
L = 1, fdT = 0, and fDT = 0:01:
Fig. 12. Bit-error rate of 16 STAR-QAM in Rician fading with ISI effect,
K = 10 dB, L = 2, fdT = 0, and fDT = 0:01:
Comparing Fig. 10 with Fig. 11 and Fig. 12 with Fig. 13,
as increases, the effect of the value of is more
prominent. This is because the channel is more similar to
an AWGN channel when is large. That is, the fading
contributes a smaller diffused component in the received
signal. Consequently, a more noticeable BER difference with
respect to various can be seen in the figures, as expected
of the influence of an AWGN.
Finally, for comparison, we have also plotted in Fig. 12 the
BER curve for the matched filter case (curve D). As expected,
the matched filter provides the lowest BER, but it is interesting
to note that when the Gaussian filter bandwidth is judiciously
chosen, say , the BER performance of the Gaussian
IF filter case is not much different from that of the matched
filter receiver.
Fig. 13. Bit-error rate of 16 STAR-QAM in Rician fading with ISI effect,
K = 20 dB, L = 2, fdT = 0, and fDT = 0:01:
VII. CONCLUSIONS
In this paper, we have derived the expression for the bit-
error probability for the 16 STAR-QAM systems in a Rician
fading channel in the presence of ISI with diversity reception
and presented the BER performance curves for various values
of , Doppler spreading frequencies, IF filter bandwidths, and
the orders of the diversity reception. We have also compared
its performance with that of the 16 DPSK. The 16 STAR-
QAM system can be used optimally in a digital mobile cellular
system if is set to be around 1.2.
APPENDIX
INVARIANT FOUR-SYMBOL PATTERNS
In this Appendix, we will illustrate the error probability
invariant properties of certain four-symbol patterns. As stated
in Section IV, to take into account the effect of ISI introduced
through and the average bit-error probability is
computed using bit-error probabilities from a reduced set
of 2160 four-symbol patterns instead of from the initial set
of 16 patterns. This is due to the fact that some patterns in
the original set have the same bit-error probabilities and can
therefore be combined into a group and represented by one
pattern in this group. invariant properties describe what
kinds of patterns produce the same BER and hence belong to
the same group.
Applying the substitutions given in Section IV to (7)–(9), it
can be seen that depends only on
parameters of and while and are determined
by and Thus, the error probability depends
solely on and A close examination of (8) and
(9) shows that interchanging and does not
affect the value of and Besides, it can also
be observed that and depend on the phase
difference (note Consequently,
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the effect of ISI on average error probability is reflected in
the pair and
Given
the waveform of this four-symbol pattern is shown in Fig. 3
and has the expression of (21). With being an even
function of and the error probability having the above
mentioned characteristic, it can be shown by using (23) and
(24) that the following four transformations of have the
same error probability.
A. Conjugate Four-Symbol Pattern
B. Time-Reversed Four-Symbol Pattern
C. Phase-Reversed Four-Symbol Pattern
D. Phase Offset Four-Symbol Pattern
The pattern set can now be combined in a manner such
that any member within a group can be transformed into
another member within the same group through a combination
of the conjugate, time-reversing, phase-reversing, and phase-
offsetting operations described above. Members of set are
searched through a computer program from the original 16
patterns.
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